Intestinal tumors from mice and humans can have a polyclonal origin. Statistical analyses indicate that the best explanation for this source of intratumoral heterogeneity is the presence of interactions among multiple progenitors. We sought to better understand the nature of these interactions. An initial progenitor could recruit others by facilitating the transformation of one or more neighboring cells. Alternatively, two progenitors that are independently initiated could simply cooperate to form a single tumor. These possibilities were tested by analyzing tumors from aggregation chimeras that were generated by fusing together embryos with unequal predispositions to tumor development. Strikingly, numerous polyclonal tumors were observed even when one genetic component was highly, if not completely, resistant to spontaneous tumorigenesis in the intestine. Moreover, the observed number of polyclonal tumors could be explained by the facilitated transformation of a single neighbor within 144 μm of an initial progenitor. These findings strongly support recruitment instead of cooperation. Thus, it is conceivable that these interactions are necessary for tumors to thrive, so blocking them might be a highly effective method for preventing the formation of tumors in the intestine and other tissues.
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colon cancer | spatial statistics | clonal interactions | mouse model T umors are often heterogeneous with respect to several distinguishable properties, including differentiation state, proliferation rate, metastatic potential, and therapeutic response. Two models to explain intratumoral heterogeneity have been proposed. The clonal evolution model asserts that different subclones arise from a single progenitor as a consequence of molecular changes followed by selection for dissimilar microenvironments within a tumor (1) . By contrast, the cancer stem cell model contends that a small population of stem cells originating from a single progenitor is responsible for tumor maintenance but the progeny can differentiate in several diverse ways (1) . A key assumption in both models is that tumors are derived from a single progenitor.
Evidence is steadily accruing that intestinal tumors are often polyclonal rather than monoclonal (2). Merritt et al. (3) demonstrated that hereditary tumors in the mouse intestine are often derived from multiple progenitors. In this study, aggregation chimeras were generated by fusing embryos carrying the Min allele of the Adenomatous polyposis coli gene (Apc Min/+ ) to embryos carrying Min and the Rosa26 lineage marker (Apc Min/+ R26 + ). Clonal structure was assessed in histologic sections of tumors stained for the lineage marker. A significant number (8%) of early adenomas were heterotypic, being composed of cells from the two different embryos. Using a similar approach, Thliveris et al. (4) demonstrated that carcinogen-induced tumors in mice are also derived from multiple progenitors. In both studies, the intestines consisted of small blue and white patches. This chimeric pattern increases the power to detect polyclonality because a heterotypic tumor forming on a border between the two colors is clearly polyclonal, whereas a homotypic tumor could be polyclonal as the result of being derived from two progenitors with the same R26 status or else monoclonal. The findings from the Merritt and Thliveris studies are consistent with those of other investigators demonstrating that hereditary and sporadic colorectal tumors in humans are often polyclonal (5, 6) . Therefore, multiple progenitors contributing to a single tumor are an additional source of intratumoral heterogeneity.
Although evidence supports the existence of polyclonality, this phenomenon could have been merely a consequence of random collision between independently derived tumors instead of necessary clonal interactions. In the Merritt study, the aggregation chimeras developed far too many tumors to rule out random collision. To distinguish between the possible explanations for polyclonality, Thliveris et al. (7) generated aggregation chimeras that developed relatively few intestinal tumors. They found that the percentage of heterotypic tumors was still high (20%), even though the multiplicity of tumors was very low. This observation when combined with statistical analyses ruled out random collision and favored clonal interactions. In the Thliveris study (7), tumor phenotypes were linked with image data describing the pattern of chimerism to estimate the range of clonal interactions. They found that interactions occurring between progenitors in neighboring crypts (i.e., 40-120 μm apart) were sufficient to account for the percentage of heterotypic tumors that was observed. Thus, polyclonality could be explained by multiple progenitors interacting over a very short distance.
The details of clonal interactions during the initial stages of tumorigenesis remain unknown. One possibility is some form of recruitment in which a single progenitor, following the loss of Apc activity, subsequently facilitates the neoplastic transformation of one or more neighboring cells. Alternatively, multiple independently derived progenitors arising in close proximity might effectively cooperate and gain a selective growth advantage over an isolated progenitor. Although prior studies of tumor clonality were unable to distinguish between recruitment and cooperation, the two models predict different frequencies of heterotypic tumors in aggregation chimeras formed from embryos that have unequal susceptibilities to tumorigenesis. On the basis of this realization, we characterized clonal interactions by generating and analyzing two types of aggregation chimeras: C57BL/6 (B6) 
Results
We reasoned that recruitment and cooperation could be distinguished by generating aggregation chimeras from embryos with unequal tumor susceptibilities (Fig. 1) . If polyclonal tumors form as a consequence of recruitment, the number will depend on how many progenitors lie on the border between patches that are derived from the different embryos and the ability of the susceptible tissue to facilitate the transformation of the more resistant tissue. This number should be relatively high because progenitors arising from cells highly susceptible to neoplastic transformation (white) are common. If polyclonal tumors form as a consequence of cooperation, the number will depend on the probability that two or more progenitors are juxtaposed to each other. This number should be relatively low because progenitors arising from cells that are resistant (blue) to neoplastic transformation are rare. Conceptually, these two distinct models explaining polyclonality should be distinguishable.
To advance our reasoning, we constructed statistical models that predict the frequency of heterotypic tumors under recruitment and cooperation in chimeras that were formed from embyros with unequal susceptibilities to neoplastic transformation. Calculations leveraged information in the complex chimeric patterns revealed through images of the intestine. These complex chimeric patterns exhibited statistical regularities, for example in terms of proportions of a given color, or typical distances between points of opposite color (Table 1) . A small distance between points of opposite color corresponds to the notion of small patch size; the precise way in which the chimeric properties predict heterotypic tumors depends on whether we model recruitment or cooperation as the generative mechanism. For recruitment, an Apc Min/+ cell at a random position is transformed into its neoplastic counterpart after the loss of Apc activity, and this initial progenitor then facilitates the transformation of neighboring cells. This model is simplified by assuming all neighboring cells can be recruited to form a single tumor derived from several progenitors. In the recruitment calculations, the patch-size information is conveyed by the distribution of the distance from a point to the nearest point of the opposite color. For cooperation, multiple transformed cells arising from independent events in which Apc is inactivated and in close proximity form a single tumor because the interactions provide a selective advantage. Here, the patch-size information is conveyed by properties of locally averaged chimeric images. The details of both statistical models are provided in Methods, SI Methods, and Fig. S1 . A key finding is that these models make significantly different predictions about the probability for a tumor to be heterotypic, especially in the case in which chimeras are formed from embyros with unequal tumor susceptibilities (Fig.  1B) . For example, when one embryo is 100 times more likely to develop a tumor than the other [i.e., the initiation differential (β/α) is 0.01], the heterotypic frequency is roughly 20% under recruitment and less than 1% under cooperation. Recruitment and cooperation are clearly distinguishable by analyzing aggregation chimeras that are generated from embryos with unequal tumor susceptibilities.
We fused B6 Apc Min/+ embryos to B6 Apc 1638N/+ R26 + embryos because B6 Apc Min/+ mice (n = 228) develop on average 95 ± 53 intestinal tumors, whereas B6 Apc 1638N/+ mice (n = 94) develop on average 0.98 ± 1.17 tumors in our mouse colony. The resulting aggregation chimeras were killed when moribund at ages ranging from 79 to 121 d ( Fig. 2 and Table 1 ). The intestinal tract was removed, divided into five equal segments, splayed open, stained to identify cells carrying the R26 lineage marker, and photographed; images were digitized for statistical analysis in which the chimeric pattern was characterized ( Fig. 2 A and B and Table 1 ). The fixed samples were scored for intestinal tumors using a dissecting microscope; an average of 118 ± 19 was observed (Table 1) . Many tumors were excised, embedded in paraffin, sectioned, and assessed by two pathologists to determine phenotype (Fig. 2D ). Seven heterotypic tumors consisting of blue and white neoplastic cells with nuclear β-catenin were observed (Table 1) . To further contrast recruitment with cooperation as distinct models for clonal interactions, we also fused Apc Min/+ embryos to Apc +/+ R26 + embryos because Apc +/+ mice have never been observed to develop intestinal tumors spontaneously. The resulting aggregation chimeras were killed when moribund at ages ranging from 108 to 122 d ( Fig. 3 and Table 1 ). These mice developed on average 18 ± 10 intestinal tumors. Of the 54 tumors excised, 8 were heterotypic and 25 homotypic white (Table 1 and Fig. 4 ). In both types of aggregation chimeras, polyclonal tumors are relatively common in aggregation chimeras that are generated from embryos with unequal tumor susceptibilities. The probability that a tumor is heterotypic, homotypic blue, or homotypic white depends on the pattern of chimerism surrounding the initiation point and the range of interactions, regardless of the model being tested. These probabilities were calculated for all five segments of the intestinal tract in Apc Min/+ ↔ Apc 1638N/+ R26 + and Apc Min/+ ↔ Apc +/+ R26 + aggregation chimeras, considering recruitment in which all neighbors are transformed, partial recruitment in which some neighbors are transformed, and cooperation (Fig. 5) . The values were compared with the observed rate of heterotypic tumors. Both recruitment models significantly outperformed the cooperation model. This finding supports the notion that polyclonal tumors arise because an initial progenitor following the loss of Apc activity facilitates the transformation of one or more neighboring cells. . Different models could explain interactions leading to the formation of polyclonal tumors. Aggregation chimeras were generated by fusing an embryo that is relatively susceptible to the formation of intestinal tumors (white) to an embryo that is relatively resistant (blue). (A) The number of polyclonal tumors that are heterotypic with a mixture of white and blue (red star) will be high if the more susceptible white progenitors are able to recruit the more resistant neighboring blue cells (Left), but the number will be low if one of the white progenitor needs to be juxtaposed to a rare blue progenitor (Right). (B) Statistical modeling validated this conceptualization. The percentage of tumors that were predicted to be homotypic white (white lines), homotypic blue (blue lines), or a mixture of white and blue (red lines) was plotted vs. the initiation differential, which is the ratio of tumor susceptibilities, using average image statistics for all measured chimeric patterns and using different tumor formation models (each optimized in its parameters): full recruitment with interactions of 67 μm (Left, solid lines); partial recruitment with interactions over 144 μm (Left, dashed lines); and cooperation with interactions over 5,004 μm (Right). The models make distinguishable predictions when the initiation differential is far from one (e.g., 0.15 or less). The dark gray band ranges from 0.01 to 0.02, which is the probable initiation differential between Apc 1638N/+ and Apc Min/+ . In contrast, when the ratio is 1 [i.e., both embryos are equally susceptible to the formation of intestinal tumors as in previous studies (3, 4, 7) ], the two models are indistinguishable.
The range of interactions for recruitment that are necessary to explain polyclonality was estimated. The maximum log likelihood was calculated at different interaction distances and with different numbers of partners (Fig. S2) . A distance of 25 μm resulted in the best fit if all neighbors were recruited; the distance increased to 144 μm if only a single neighbor was recruited. Note that the distance between two neighboring crypts is only approximately 50 μm. Thus, recruitment over a very short distance easily accounts for the observed number of polyclonal tumors in Apc Min/+ ↔ Apc 1638N/+ R26 + and Apc Min/+ ↔ Apc
Discussion
Evidence is steadily accruing that indicates that several tumor types can be polyclonal as a consequence of being derived from multiple progenitors and not merely the emergence of distinct subclones during tumor evolution. We sought to better understand the interactions among progenitors in the intestine. Aggregation chimeras were generated by fusing together embryos with unequal tumor susceptibilities to create a biological model that allows us to distinguish between recruitment and cooperation.
Statistical analyses that combined tumor phenotype with the pattern of chimerism indicated that recruitment is the best explanation for polyclonality. In fact, the formation of a polyclonal tumor in this experimental system can be explained by recruitment of only a single neighboring cell within two to three crypts of the initial progenitor. Tumors were analyzed from two sets of aggregation chimeras. In Apc Min/+ ↔ Apc 1638N/+ R26 + aggregation chimeras, the expected number of polyclonal tumors was 14 under recruitment and 1 under cooperation. These numbers were calculated by knowing the percentage of the chimera that was derived from each embryo, the multiplicity of intestinal tumors, the phenotype of scorable tumors, and the statistical models for recruitment and cooperation ( Fig. 1 and Table 1 ). The observed number was seven. Similarily, in Apc Min/+ ↔ Apc +/+ R26 + aggregation chimeras, the expected numbers of polyclonal tumors was four under recruitment and zero under cooperation because Apc +/+ mice never spontaneously develop intestinal tumors. Eight were observed. This finding was unexpected: a previous study found no polyclonal tumors in Apc Min/+ ↔ Apc +/+ aggregation chimeras (3, 9). Our study differed from the previous study in important Sections 1-4 refer to quarters of the small intestine numbered from proximal to distal; section C refers to the colon. In all aggregation chimeras, some tumors were not scorable with complete certainty because of poor fixation, sectioning, or staining. In others, tumor multiplicity was very high so it was impractical to analyze every tumor. Because all tumors were essentially a mixture of blue and white cells and their clonal structure cannot be predicted from wholemounts, a subset of tumors from throughout the intestine was chosen randomly for histological analysis. Aggregation chimeras 77, 124, 130, 136, 88, 111, and 120 were killed at 121, 101, 94, 79, 115, 108, and 122 d of age, respectively.
ways. One key difference is the way in which aggregation chimeras were constructed. In our study, the Apc +/+ embryo always carried the R26 lineage marker because it is easier to detect blue cells in a predominanlty white mass than it is to detect white cells in a predominantly blue mass. In the previous studies, the embryo carrying the lineage marker varied from chimera to chimera. Another key difference is how the intestines and tumors were analyzed. In our study the entire intestinal tract was removed, stained, and scored, and then all of the tumors were isolated, embedded in paraffin, and sectioned through and through for pathological assessment. In the previous studies only a third of the intestinal tract was removed, and then tumors were sampled from areas in which blue tissue and white tissue were juxtaposed. Finally, in our study, sections from each tumor were examined by two pathologists. Our findings with two sets of aggregation chimeras indicate that an initial progenitor is able to recruit a nearby wild-type partner.
How does an initial progenitor recruit neighboring cells? A number of different mechanisms are possible. The loss of Apc activity in the initial progenitor could trigger the loss of Apc activity in neighboring cells. An Apc Min/+ cell could lose the wildtype copy of Apc by point mutation or somatic recombination (10) and be transformed into its neoplastic counterpart. This initial progenitor and its immediate descendants might express mitogenic factors that increase the rate of cellular proliferation in neighboring cells. Rapid proliferation might result in spontaneous mutations in Apc and consequent loss of activity and neoplastic transformation. Kuraguchi et al. (11) found that intestinal tumors from Apc 1638N/+ mice lacking DNA mismatch activity often carried two distinct somatic mutations in Apc. In addition, Thirlwell et al. (6) + aggregation chimeras even though in the first set both embryos carry a germ-line Apc mutation and in the second set only one embryo carries a germ-line Apc mutation. Analyzing the status of Apc in polyclonal tumors in this study is extremely challenging given the amount of tissue that is available and the condition of the tissue after X-gal staining, which is harsh, involving two fixation steps and an overnight incubation at 37°C.
Another possible mechanism for recruitment is paracrine oncogenic signaling. The initial Apc Min/+ progenitor after the loss of Apc activity and its immediate progeny could produce signaling factors that facilitate transformation of neighboring cells that are responsive to the signal. For example, secreted Wnt molecules could lead to the translocation of β-catenin to the nucleus in neighboring cells that are expressing Frizzled receptors. β-Catenin is clearly localized to the nucleus in neoplastic cells that are derived from the Apc Min/+ , Apc
1638N/+
, and even the Apc +/+ lineages (Fig. 4) . Thus, recruitment might involve signaling instead of additional genetic events in certain biological contexts. Thirlwell et al. (6) have demonstrated that some sporadic colon cancers were polyclonal, consisting of dysplastic crypts that carry mutations in Apc and those that do not.
Several lines of investigation support the notion that recruitment could be mediated by Wnt molecules. Neoplastic cells in which β-catenin is localized to the nucleus protrude out from the normal crypt structure (12) . This change in position would place an initial progenitor and its immediate progeny in close proximity to neighboring cells such that secreted factors could elicit changes in signaling. Once β-catenin has translocated to the nucleus, it stimulates the expression of numerous genes, including Wnt3A (13). Several Wnt signaling molecules are transforming factors in vitro and in vivo (14) (15) (16) that it is regulated by the microenvironment (17) . Tumor cells that have lost the capacity to form tumors can be reprogrammed to express CSC markers including CD133 and regain tumorigenic capacity when stimulated by myofibroblast-derived factors that activate Wnt signaling (17) . Thus, recruitment might involve interactions among epithelial cells as well as interactions among epithelial and stromal cells that are mediated through molecules that affect Wnt signaling. This study has limitations. The statistical models described are extreme simplifications of the dynamic mechanisms truly at work. As has been found in so many other domains, the use of such simplified models provides a language to discuss primary factors affecting the system (18) and puts a sharper focus on the information content of the available data. We also recognize that staining to detect the R26 lineage marker severely impairs the type of molecular analyses that can be performed.
This study extends our understanding of the clonal origin of intestinal tumors. An initial progenitor recruits neighboring cells within a very short distance; molecules mediating this interaction might affect Wnt signaling. The ability of one cell to facilitate the transformation of another cell has been observed with cancerassociated fibroblasts (18) . Understanding recruitment will likely impact prevention strategies. For example, if the initial progenitor that transforms neighboring cells is responsive to some mitogenic factor, drugs that target that factor might prevent tumors from forming or becoming established and growing. A number of known naturally occurring factors down-regulate Wnt signaling including Dickkopf-1 (19) . New models are now becoming available to identify the cells involved and the molecules that mediate clonal interactions that give rise to polyclonal tumors. were obtained from the National Cancer Institute Repository. Stocks of these strains were maintained by continually backcrossing to B6 mice (The Jackson Laboratory) that were imported every fifth generation. Offspring were screened for Apc Min , Rosa26, and Apc 1638N using PCR assays of DNA isolated from toe clips (7, 20) . Aggregation chimeras were generated by fusing together embryos from two crosses: B6 Apc +/+ × B6 Apc Min/+ and B6 Apc +/+ × B6 Apc 1638N/+ Rosa26 + . Ear snips were also taken from each animal and stained with 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (X-Gal) (United States Biological) to ascertain chimerism for β-galactosidase activity.
Methods
Tumor Phenotyping. Wholemounts of the intestines were prepared, stained with X-gal, photographed and digitized. Tumors were isolated, embedded in paraffin, serially sectioned in toto, and counterstained with hematoxylin and eosin. The phenotype of each tumor was determined by two pathologists independently of each other. Some slides were stained with β-catenin to confirm heterotypic tumors were composed of blue and white neoplastic cells. Details are in Supporting Information or were described previously (7).
Statistical Analyses. Treating the intestinal epithelium as a finite planar region, we consider positions x on this surface in an aggegation chimera, and we let c (x) be the indicator function that defines the chimeric pattern. Say, c(x) = 1 indicates the tissue is blue at x and c(x) = 0 indicates the tissue is white, as evidenced by image data (Fig. S1 ). Let d(x,y) denote the distance along the intestinal surface between points x and y, and further let D(x, δ) denote a disk on the surface centered at x and having radius δ; that is, D(x, δ) = {y: d(x, y) ≤ δ }. Allowing different rates of tumor initiation in the contributing lineages, we treat the probability density of initiation events as f(x) = α + (β − α)c (x), where the different tumor susceptibilities are α (white tissue) and β (blue tissue). The initiation differential ρ = β/α is relevant in comparing the probabilities of the different tumor phenotypes in different models. Cooperation model. The central concept is that multiple progenitors initiated independently but in close proximity have a selective advantage over an isolated progenitor. A simple mathematical expression of this idea involves two initiation events at random locations X and Y, distributed independently and possibly nonuniformly according to f(x) as above. We consider a tumor forming only if the distance d(X,Y) is less than some value δ. The tumor is homotypic blue if c(X) = c(Y) = 1; it is homotypic white if c(X) = c(Y) = 0, and otherwise it is heterotypic. In the cooperation model, tumor phenotype probabilities under these assumptions are:
where k is a normalizing constant, and the function h(x,δ), shown in Fig. S1 , is a smoothed version of a chimeric pattern c(x); that is,
Probabilities are computed using parameter settings and The values for heterotypic and homotypic white that were obtained considering recruitment in which all neighbors are transformed (white triangles), partial recruitment in which some neighbors are transformed (gray squares), and cooperation (black circles) were compared with the observed rate of heterotypic tumors (black diamonds with white centers). Some sections have a higher probability of forming heterotypic tumors (upper left quadrant) than others (lower right quadrant) because of the chimeric pattern. The probability that a tumor is homotypic blue is extremely low (Apc 1638N/+ ) or essentially zero (Apc +/+ ) for all models, so these values are not shown.
image characteristics derived from smoothed chimeric pattern images. Additional details are provided in SI Methods. Recruitment model. An elementary recruitment model entails a single initiation event at a random position X, followed by neoplastic transformation of all cells in the disk D(X, δ). The tumor initiated at X is homotypic blue if c(y) = 1 for all y in the disk [i.e., all cells within a given distance are blue, homotypic white if all c(y) = 0, and otherwise heterotypic]. The rationale is simply that to be homotypic blue, the initiation point X must occur in blue tissue and also be sufficiently far from white tissue to avoid recruitment of that opposite type. In the original version of this model that was proposed by Thliveris et al. (7), the initiation point X is uniformly distributed over the surface, but uniformity is an unnecessary restriction and can be usefully extended to the density f(x) (above) when we consider chimeras formed from two genetic backgrounds that differ in tumor susceptibility. Probabilities of the three tumor phenotypes have integral representations:
where integrals are over the planar intestinal surface, and g(x,δ) indicates that position x is more than δ units from any cell of the opposite lineage; that is, g(x, δ) = 1 if c(y) = c(x) for all y in D(x, δ), otherwise g(x, δ) = 0. Fixing parameters α, β, and δ, phenotype probabilities are computable in a given intestinal region using characteristics of the chimeric patterns recorded in the image data. Each binary image is converted to a distance-map image, which records at each pixel the distance to the nearest pixel of the opposite color. The empirical distribution of these distances, separated for blue and white source pixels, determines the integrals and thus the phenotype probabilities. We used the R package EBImage to compute these distance maps (21) . Additional details are provided in SI Methods. The heterotypic rate Pr(heterotypicjrecruit) increases with disk radius δ, because larger disks are more likely to include both lineages. Thliveris et al. (7) estimated that a value for δ of 40-120 μm was sufficiently large to explain the observed percentage of heterotypic tumors in seven aggregation chimeras. For various values of the initiation differentials ρ, the probability of each tumor phenotype is shown (Fig. 1B and Fig. S1 ). In this elementary recruitment model, the rate of heterotypic tumors is affected very slightly by the initiation differential ρ.
By comparison, a key observation concerns the behavior of Pr(heterotypicjcooperate) for initiation differentials ρ that are far from unity. Under cooperation, it becomes highly improbable to see a heterotypic tumor when the two tissue types exhibit substantially different initiation rates (Fig. 1B and Fig.  S1 ). The present analyses quantify predictions from recruitment vs. cooperation calculations to support statistical testing generated in the proposed experiments. Partial recruitment. We considered a variation of the recruitment model in which only a select number of neighboring cells were transformed. Specifically, we allowed a single initiation event at random position X following density f(x), as in the recruitment model. Next some number of partners (ν), sampled uniformly at random in the disk D(X, δ), are recruited to form a tumor whose phenotype is homotypic if c(X) matches that of all of the partners, otherwise it is heterotypic. The phenotype probabilities involve smoothing images rather than taking distance maps, as in the cooperation model, and they take the following specific forms, which are fully derived in the SI Methods. It is readily confirmed that these probabilities converge to the full-recruitment probabilities as ν increases. Likelihood computations. The phenotype of each tumor (homotypic blue, homotypic white, or heterotypic) was treated as the realization of a random variable with trinomial probabilities determined by the specific model on test as well as by image characteristics of the intestinal region harboring the tumor. Intestines were segmented into five regions for this purpose. Initiation rate parameters α and β were fixed at values estimated from the multiplicity of tumors in parental strains; Apc Min/+ mice develop on average 100 tumors, whereas Apc 1638N/+ mice develop on average 1 tumor, and Apc +/+ mice develop none. With PHENO i , the phenotype of tumor i, the log likelihood in a given model MODEL is:
log likelihood = X i log PrðPHENO i jMODELÞ:
Free parameters in each MODEL, including disk diameter and the number of recruited partners, were fixed by maximizing this log likelihood.
Source Code. R scripts to perform all computations are given in Dataset S1. Scripts were generated to calculate distance maps, smooth images, compute phenotype probabilities, and calculate likelihoods.
